Recent evidence from a number of laboratories has established that a vacuolar glycoprotein is involved in the temporary storage of nitrogen within vegetative tissues of soybean (for review see ref. 18 ). VSP2 consists of two similar polypeptides, VSPa and VSP3, which have mol wts of about 25,000. They are present in all organs of the soybean plant (17) . This storage protein is abundant in young vegetative tissues, but it is only a minor component of the total seed protein (17, 21) .
VSP accumulation is closely related to mRNA abundance, which responds to source/sink relationships. Immature increased nitrogen availability (19) , water deficit (13) , leaf wounding, and JA or MeJA treatment (3, 13, 18) . Jasmonate has been postulated to play a role in plant stress signaling (2, 8) and may be an important new plant growth regulator.
VSP is also interesting because of its cell-specific pattern of accumulation. In soybean leaves, the protein is located within the vacuolar compartments ofparaveinal mesophyll and bundle sheath cells (11) , both of which are elements of the extended bundle sheath system (12) , and also in upper epidermal cells of expanding leaves (18) . In situ mRNA hybridization studies indicated that VSP mRNA is found in similar regions ofseedling hypocotyls (13) . These observations suggest that the pattern of protein accumulation reflects cell-specific gene expression at the mRNA level. However, VSP has not been immunolocalized in hypocotyls nor has the pattern of VSP mRNA accumulation been documented for leaves.
The molecular factors controlling cell-specific VSP gene expression are unknown. It has been suggested that endogenous jasmonate may play a role in VSP gene expression (19) , but the cellular pattern of VSP gene expression following MeJA treatment has not been documented. We studied the cellular localization of VSP in several soybean organs. We characterized changes in cell-specific VSP mRNA and protein accumulation during development and in response to seed pod removal and MeJA treatment.
MATERIALS AND METHODS

Plant Material
Plants (Glycine max L. Merr. cv Maple Amber) for immunolocalization experiments were grown in a 1:1 mixture of silty loam soil and vermiculite to which Rhizobiumjaponicum had been added. Plants were placed in a growth chamber with a 16-h light/8-h dark regimen at 70% RH and ambient light/dark temperatures of 20/15°C. Harvests were made at the following stages, using the morphological indices described by Fehr et al. (9) : 3 weeks after planting (V2), 1 week after flowering (R1-R2), during the mid-pod-fill stage (R5-R6), and during the stage of seed pod maturation (R7). Three plants were examined at each developmental stage.
Flowers were removed from some plants starting at anthesis. These plants were then allowed to grow for 1 week the mid-pod-fill stage. Plants were then harvested both 5 and 10 d after the depodding treatment.
Samples from each plant consisted of the following: leaf tissue from the central region of the middle leaflet of both the oldest intact and the lowest half-expanded trifoliolates, petiole tissue from the above leaves, and stem tissue from the internodes just below these leaves. Additional samples were taken from the cotyledons of both mature dry seeds and seedlings 4 d after imbibition. Roots and root nodules were obtained from plants at the V2 and R1-R2 stage of development.
The soybean cultivar used for in situ hybridizations was Hobbit. Plants were grown in a growth chamber as described above, except that the day and night temperatures were 27 and 22°C, respectively. Expanding leaves (50 mm in length) were harvested from the fourth node of plants at the V5 stage of development. For the MeJA treatment of leaf explants, fully expanded leaves were harvested from the first trifoliolate node of plants at the V7 stage. Explants were incubated 24 h in water or in 50 jtM MeJA as described previously (19 Rabbit antiserum to the deglycosylated VSP polypeptides was previously prepared and tested for monospecificity (16) . Affinity-purified goat anti-rabbit immunoglobulin (IgG, BioRad Laboratories, Richmond, CA) was conjugated to 12-nm colloidal gold particles and the sol purified according to established procedures (15, 20 glycine, 2% (w/v) BSA, twice in 10 min; VSP-specific rabbit IgG (crude serum) diluted to 0.2 mg protein mL-' with 3x PBS-glycine-BSA, 1 h; 3x PBS-Tween-glycine, three times in 15 min; colloidal gold-conjugated goat anti-rabbit IgG diluted with 3x PBS-Tween-glycine-BSA to give an A 0.15 at 520 nm, 30 min; 3x PBS-glycine, three times in 15 min; distilled water, 1 min. Sections were stained with 0.5% (w/v) uranyl acetate in 0.028 M sodium diethyl barbiturate:sodium acetate (veronal acetate, pH 6.0) for 10 min and rinsed with distilled water. Sections were observed using a JEOL 100 CX scanning electron microscope (JEOL, Tokyo, Japan).
Immunolocalization at the light microscopic level was accomplished in a similar fashion. However, during pretreatments and incubations with antibody solutions, small drops of reagents were placed directly on the tissue sections and the slides were placed in moist chambers. Rinses were performed in Coplin jars using 50 mL of solution. In addition, the following modifications to the procedure were made: periodate treatment was for 5 min; sections were treated with 0.1 N HCI, 5 min, following the first rinse in distilled water, and then rinsed again with distilled water; incubation in VSPspecific IgG was for 10 min at a concentration of 0.5 mg protein mL-'; colloidal gold-conjugated goat anti-rabbit IgG was diluted further to give an A 0.075 at 520 nm.
After the final 3x PBS-glycine rinse, the slides were rinsed in distilled water for 10 min and air ried. A drop of formaldehyde/glutaraldehyde fixative solution was then added to the labeled sections to stabilize bound antibodies before enhancement. Silver enhancement of bound colloidal gold (7) was accomplished using the Western Blotting Grade gold enhancement kit supplied by Bio-Rad Laboratories. The only modification to the manufacturer's instructions was the addition of 0.5% gelatin to development solutions. Coverslips were then mounted using immersion oil, and sections were observed using differential interference contrast (Nomarski) and bright-field optics on a Jenalumar contrast microscope with a Matic-Mot photomicrographic system (Zeiss-Jena, Jena, Germany).
Procedures for in Situ RNA Hybridization Hybridization protocols followed those described by Cox et al. (5) and Barker et al. (4) with some modifications described by Raikhel et al. (14) . Leaf tissue was cut to about 2 x 4 mm and vacuum infiltrated in fixative (1% glutaraldehyde/50 mM Na cacodylate) until it became translucent. Incubation was continued for 3 h at 1 atm. Tissue was dehydrated, embedded in paraffin, and sectioned to 10 ,um.
Full-length cDNA inserts from pVSP25 and pVSP27 (16) , corresponding to the vspA and vspB genes, respectively, were cloned independently into pGEM 4 (Promega) and used as templates for RNA probe synthesis. Sense and antisense probes were prepared with [35S]UTP and hydrolyzed to an average size of 150 nucleotides. Hybridizations were carried out at 42°C for 16 h. Both sense and antisense probes were hybridized to sections on the same slides under separate coverslips. Sections were then treated with RNase A (50 ,g/ mL) and washed as described before (14) . Slides were subsequently coated with emulsion (NTB-2, Eastman Kodak) and exposed for 3 to 10 d. Following development, sections were stained with toluidine blue. Photomicroscopy was done with a Nikon Optiphot with either bright-field or dark-field illumination. All hybridizations were done at least three separate times, and each experiment included at least three leaves for each treatment.
RESULTS
Organ Distribution of VSP
The results ofthe immunolocalization of VSP in the organs examined are summarized in Table I . VSP-specific labeling was observed in leaf, petiole, stem, and seed pod tissues. Labeling was also detected in 4-d-old germinated cotyledons but not in ungerminated cotyledons, roots, or root nodules. Because of minor inconsistencies in the silver enhancement procedure, labeling at the light microscopic level was not quantified. However, the density of labeling was greater in tissues from younger organs. Labeling density decreased in all organs during the seed-filling period but increased again in leaf and seed pod tissues as pod-fill neared completion and leaf senescence commenced.
Depodding greatly influenced the distribution of VSP. The densest and most widespread VSP-specific labeling, with regard to organ age and the specific cell types, was observed 10 d after the removal of seed pods (Table II) . In contrast, removal of flowers at anthesis had little effect on the extent of labeling 7 d later (not shown).
Cellular Pattem of VSP Accumulation
Examples of the leaf cell types involved in VSP accumulation are illustrated in Figure 1 , A-C. The protein was most commonly found in the extended bundle sheath system (i.e. paraveinal mesophyll and bundle sheath cells). VSP was also located in the leafepidermis and sporadically in parenchymal cells adjacent to the midvein vasculature. Little labeling was (Tables I  and II) . A similar trend was noted between leaves from depodded versus podded plants (Fig. 1 , A and C; Table II ). The vacuolar location of the protein, as described by Franceschi and Giaquinta (10), was confirmed here at the EM level (Fig. ID) .
Stems, for the most part, showed VSP-specific labeling within epidermal and cortical cells, as well as in parenchymal cells found among the vascular tissues and developing phloem elements ( Fig. 2A) . This pattern was consistent with the mRNA distribution found earlier in seedling hypocotyls (13) . As with leaves, a more widespread labeling pattern was observed in stem tissue obtained from younger versus older internodes (Table I) . VSP was virtually absent in young and old stem tissues at the mid-pod-fill and mature pod stages (Fig. 2B) . However, the removal of developing seed pods resulted in VSP accumulation in practically all the parenchymal cells of younger stems by 10 d after depodding. Such cells included those of the pith, located directly adjacent to xylem elements (Table II) . Deflowering had little effect on the extent of labeling in the stem tissues (not shown).
Petioles, like stems, accumulated VSP in the epidermis, cortex, and the vascular parenchyma. VSP-specific labeling was also observed in pith cells found adjacent to vascular bundles (Fig. 2, C and D 
VSP Genes Are Differentially Expressed in Leaf Cells
The in situ hybridization results illustrated in Figure 3 demonstrate a pattern similar to that found by protein immunolocalization, indicating that these genes are differentially expressed in soybean leaf cells. In expanding leaves, labeling was greatest in the vascular bundles and bundle sheath extensions, including the paraveinal mesophyll cells (Fig. 3, A and  B) . Labeling was also apparent in upper epidermal cells but not in most lower epidermal cells. Hybridization with the sense probe as a control resulted only in low and nonspecific background labeling (Fig. 3C) . The hybridizations shown in Figure 3C were done by using equimolar concentrations of probes for vspA and vspB mRNA. When the probes were used separately, no difference was seen in the pattern of expression (not shown).
In fully expanded leaves, labeling was much less intense and only slightly higher in the vascular bundles compared with other tissues. Figure 3E depicts a leaf section from a fully expanded leaf explant incubated in water for 24 h. Labeling was not affected by this treatment when compared with a similar leaf analyzed directly after removal from the plant (not shown). In contrast, fully expanded leaves of the same age from depodded plants had high levels of labeling (Fig.  3D) . Labeling was limited primarily to the vascular region of leaves from depodded plants.
We also examined the mRNA distribution in young seed pods, which contain high levels of VSP (17) . Labeling was particularly dense at the large dorsal and ventral vascular bundles as well as around the smaller vascular bundles distributed throughout the pod wall (Fig. 3G) . In contrast, the pod wall endocarp and the ovule exhibited very little labeling.
MeJA Induces VSP Gene Expression in All Leaf Cell Types Consistent with previous studies using mRNA blot hybridization (19) , incubation of leaf explants for 24 h with 50 jM MeJA greatly increased VSP transcript abundance (Fig. 3, cf. F and E). The density of labeling for leaves from depodded plants and for leaves incubated in water or MeJA (Fig. 3, D , E, and F, respectively) are directly comparable, because all were hybridized simultaneously on the same slide. MeJA abolished the differential expression seen in the cells of expanding leaves (Fig. 3B) and of leaves from depodded plants (Fig. 3D) . VSP mRNA was found at essentially the same high level in all parenchymal and epidermal cells following this Figure 4B illustrates that protein labeling was found in all cell types following MeJA treatment. Even the palisade parenchymal, spongy mesophyll, and lower epidermal cells, which usually accumulate little if any VSP (see Fig. 4A ), exhibited considerable labeling. Thus, all leaf cell types are competent to accumulate VSP, although normally VSP gene expression is limited primarily to the bundle sheath, bundle sheath extension, paraveinal mesophyll, and the upper epidermis.
In both upper and lower epidermal cells, VSP labeling was limited to the inner periphery of these cells following treatment with MeJA (Fig. 4B) . The protein was dispersed throughout the vacuolar cavity of these (and other) cells in leaves that were not treated (Fig. 4A) . At this level of analysis, we cannot determine whether VSP did not enter the vacuoles ofthese cells or remained closely associated with the tonoplast membrane after deposition in the vacuole.
DISCUSSION
The results of this study indicate that soybean VSP is detectable in the leaves, stems, and petioles of plants throughout all stages of development, as well as in seed pods when these organs are present. Labeling density is lower and fewer cell types accumulate VSP during the seed-fill period than at all other developmental stages. These results are in agreement with a previous report in which VSP was detected in protein extracts from these plant organs using immunoblotting procedures (17) . Contrary to the prior study, however, VSP was not detected in seeds, roots, or root nodules. The accumulation of VSP may have been below the detection limits of the in situ immunolocalization procedure used here.
The cellular pattern ofVSP accumulation is consistent with its role in temporary nitrogen storage. VSP is found within parenchymal cells that are closely associated with existing or developing vasculature. Wittenbach et al. (22) (13) , although small differences occur in the magnitude and timing of induction. In contrast, only one of the two VSP genes is apparently induced by MeJA in soybean suspension cells and in imbibed seedling axes (13) .
Unlike the removal of developing seed pods, removal of developing flowers had little effect on VSP accumulation. This is probably because the sink activity of flowers is negligible compared with larger and more demanding nitrogen sinks, such as seed pods, developing seeds and leaves. This observation confirms that VSP induction after depodding is not primarily a wound response but, rather, is related to changes in sink demand.
Soybean plants have the ability to regulate the storage of nitrogen according to the requirements of importing tissues. Because younger leaves, stems, petioles, and fruits require greater amounts of nitrogen than the corresponding mature organs, greater amounts of nitrogen are imported by them. It is possible that more nitrogen may be transported to these tissues than could be immediately used for growth purposes. The incorporation of this mobile nitrogen into VSP could allow importing tissues to maintain their status as nitrogen sinks, even though substantial amounts of stored nitrogen are available.
The presence of VSP in germinating cotyledons, which are simultaneously degrading seed storage proteins, may reflect an excess of nitrogen available for export. The breakdown of the seed storage proteins results in a relatively large pool of soluble nitrogen within the seed tissues. We also noted an increase in VSP in mature leaves as they approached senescence. This is consistent with previous findings (16) and probably reflects the fact that at this stage of development seeds are mature and no longer act as importing sinks.
The results described here confirm previous reports (13, 16, 17, 21 ) that VSP accumulation is highly modulated in several organs during development. We also found that VSP is primarily in tissues closely associated with the vasculature at all stages of development in all organs in which it was detected. The tissue-specific pattern of protein accumulation in leaves is determined by the cell-specific expression ofthe VSP genes. However, all leaf cell types are competent to express VSP genes following MeJA treatment. These observations are assisting us in our understanding of the functions of VSP and the mechanisms regulating these genes.
